During bacterial chemotaxis, attractants and repellents alter the methylation levels of the methyl-accepting chemotaxis proteins (MCPs). These methylation levels represent a balance between two enzymatic processes: methylation and demethylation. In vivo experiments previously have shown that chemoeffectors influence the demethylation process; effects on the methylation system have not been reported. Here we show that in a cell-free extract of Escherichia coli both methylation and demethylation of the MCPs are affected by attractants and repellents. Attractants enhance methylation and inhibit demethylation. Repellents inhibit methylation and stimulate demethylation. The cell-free system provides an opportunity for further study of the mechanisms by which attractants and repellents influence the levels of methylation of the MCPs.
As part of the mechanism of chemotaxis by Escherichia coli, attractants and repellents change the methylation levels of a set of cytoplasmic membrane proteins, the methyl-accepting chemotaxis proteins (MCPs) (1) (2) (3) (4) (5) (6) . These methylation levels are the result of two enzymatic processes: methyl groups are transferred from S-adenosylmethionine to the MCPs by a methylation system (7), whereas methyl groups are removed by a demethylation system to produce methanol (8, 9) . When the two systems are in balance, the level of methylation remains constant, but the individual methyl groups turn over (1, 9, 10) . When an attractant is presented, the methylation level rises, and this higher value is maintained as long as the attractant is present (4) . The rise coincides with a transient shut-off of demethylation (10); whether there is also an increase in methylation activity is unknown. Conversely, when a repellent is presented, the methylation level drops, and this lower value is maintained as long as the repellent is present (4) . An increase in demethylation activity in response to repellents has been observed (10) , but effects on methylation have not been reported.
By using modifications of previously reported in vitro systems (7, 8) , we have been able to examine the effects of attractants and repellents on both methylation and demethylation in a cell-free extract of E. coli. We have shown in such extracts that demethylation is inhibited by attractants and stimulated by repellents, as has been reported in intact bacteria (10) . In addition, we find that methylation in these extracts is stimulated by attractants and inhibited by repellents. These results may help to explain the effects of chemoeffectors on levels of MCP methylation in intact bacteria.
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Bacteria. All strains used are E. coli K-12 derivatives and have been described previously. RP487 (9) is the chemotactically wild-type parent of AW663 (a tsr tar mutant) (9) and AW677 (cheB287) (10) . AW405 (11) is the chemotactically wild-type parent of AW518 (tsr) (11) and AW539 (tar) (12) .
Preparation of Cell-Free Extracts. Cells were grown in 1200 ml of tryptone broth (1% Difco tryptone/0.5% NaCl) in a 6-liter flask at 350C with rotary shaking to OD59o = 0.55-0.65 (4-5 X 108 bacteria per ml). The cells were harvested by centrifugation (13,000 X g for 8 min), resuspended to a volume of 3.6 ml in assay buffer (0.1 M sodium phosphate, pH 7/1 mM sodium EDTA) (8) , and disrupted by two passes through a French pressure cell at 18,000 pounds/inch2 (124 MPa). This treatment vesiculates the cytoplasmic membrane (13) . (In demethylation experiments, extracts formed by sonic disruption of cells gave results similar to those reported in Results. Sonic extracts were not tested in methylation experiments.) The crude extract was centrifuged (7000 X g for 20 min) to remove cell debris and unbroken cells. The supernatant fraction is the cell-free extract; for most experiments it was dialyzed at 40C as follows: one milliliter of extract was dialyzed against 120 ml of assay buffer for 4 hr with buffer changes every hour, and then against 500 ml of assay buffer for 20 hr, with one buffer change after 13 hr.
The dialyzed cell-free extracts contained 14-21 mg of protein per ml. into and expelled from a 1-ml syringe fitted with a bent 23-gauge needle. The resuspended vesicles were diluted to 10 ml in ice-cold assay buffer, recentrifuged, and finally resuspended in 450 jul of ice-cold assay buffer as before. (8) of the dialyzed cell-free extract, it was procedurally simpler to add unfractionated extract.] At various times thereafter, 45-jul aliquots were removed and mixed with 2 ml of ice-cold 5% (wt/vol) trichloroacetic acid. [Alternatively, 16-jul aliquots were boiled in sample buffer and subjected to electrophoresis on 1% sodium dodecyl sulfate/polyacrylamide gels and fluorography as described (4) .] After at least 15 min on ice, the precipitate was removed by centrifugation (4000 X g for 5 min). To measure the amount of [3H]methanol formed, a 1-ml aliquot of the supernatant fraction was adjusted to pH 11 by addition of 10 M NaOH and placed in the outer well of a Conway microdiffusion cell (14) . The outer well also contained 2 ml of saturated K2CO3; the inner well contained 1.5 ml of water. After 3 hr. during which time volatile products equilibrate between the outer and inner wells, 1 ml of the contents of the inner well was mixed with 5 ml of Aquasol, and 3H was quantitated by liquid scintillation counting. When [Alternatively, 20-,ul aliquots were boiled in sample buffer and subjected to electrophoresis on 11% sodium dodecyl sulfate/polyacrylamide gels and fluorography as described (4) .] After 30 min on ice, the aggregated vesicles were collected by centrifugation (4000 X g for 10 min). The pellet was resuspended by a 10-sec sonication (Sonifier model W185 with the no. 420 microtip, Heat Systems-Ultrasonics) in 4 ml of ice-cold 10 mM CaCl2 and left at 4°C overnight. (There was no loss of [3H]methyl groups from the protein overnight.) After centrifugation as before, the pellet was dissolved in 1 ml of borate buffer [0.1 M sodium borate, pH 12.5/1% (vol/vol) methanol] (16) and placed in the outer well of a Conway cell containing 2 ml of saturated K2CO3, and the procedure was continued as described above. Under these conditions, 60% of authentic [3H]methanol was recovered in the inner well after 3 hr. (When the methylation was stopped by addition of 5% trichloroacetic acid instead of CaCl2, a larger proportion of the [3H]methanol recovered was found to be independent of the presence of MCP.)
Other Methods. Gas chromatography was carried out as described (10) , except that a 10-foot (3-m) column was used and the flow rate was 20 ml/min. With the column at 300C, methanol eluted 2-4 min after injection; the column was then heated to 1800 C to elute any components with higher boiling points.
Protein concentrations were determined by the method of ; Lowry et al. (17) As MCP demethylation proceeds, a volatile 3H-labeled product is formed and can be recovered from the trichloroacetic acid-soluble part of the reaction mixture by allowing it to diffuse to the inner well of a Conway cell. When this volatile 3H-labeled product was mixed with authentic [14C]methanol and subjected to gas chromatography, a single peak of 3H, coinciding with the 14C peak, was found (data not shown).
Recovery of the injected 3H was 91% and of the 14C 90%, indicating that all of the volatile 3H-labeled product was methanol. Methanol has been shown to be the product of MCP demethylation in vivo (9) and has been reported to be the product in vitro as well (8) . In subsequent experiments we assumed that the volatile 3H-labeled product collected in a Conway cell was [3H]methanol without characterization by gas chromatography.
Demethylation of [methyl-3H]MCP was dependent on addition of extract from a chemotactically wild-type strain (Fig.  1 ). Extract from a generally nonchemotactic mutant, cheB287, caused no demethylation above the control level (Fig. 1) , as previously reported (8) (Fig. 2) . Table 1 Fig. 3 (control) . (By incubating dialyzed [3H]methylated extract and nonradioactive S-adenosylmethionine under the conditions used to measure MCP methylation, we found that demethylation did occur during the methylation assays, but at only 20% of the methylation rate. Thus the apparent MCP methylation measured may be slightly lower than that which actually occurred.) When a similar experiment was performed with extract from AW663, a tsr tar mutant that has almost no functional MCP, the value was <1% of that obtained with the wild-type extract. This shows that virtually all of the methyl groups detected came from [methyl-3H]MCP. Additions of attractants or repellents caused marked changes in the rates of MCP methylation in vitro (Fig. 3) . The results of several such experiments are summarized in Table 2 . In all cases, stimuli caused changes in methylation rates of opposite polarity to those seen with demethylation: attractants inhibited demethylation but enhanced methylation, whereas repellents enhanced demethylation but inhibited methylation. As with Biochemistry: Kleene et al. (12) nor repellents (18), gave methylation rates only slightly different from the control rate (2% and 4% changes, respectively). (23) .] The mixture of repellents inhibited methylation of MCP I primarily, as expected from in vivo results (2) .
Results with Freshly Prepared Extracts. All of the results reported above were obtained with extract that had been dialyzed for 24 hr. In contrast, when freshly prepared undialyzed extract was used, attractants and repellents had little effect on either demethylation or methylation. When extract that had been stored at 4°C for 24 hr was used, the stimuli were effective to some extent; dialysis of the extract enhanced these effects. How these treatments render the extract sensitive to the stimuli is not known. Vesicles prepared with a French pressure cell are inverted with respect to the intact cell (13), so one would expect receptors for the attractants and repellents to face the inside of the vesicles. We suspect that fresh undialyzed extracts exclude the stimuli from the vesicles so that they cannot reach the receptors. The following result is consistent with this hypothesis:
When cells were lysed with a French pressure cell at 6000 pounds/inch2 (41 MPa) to produce relatively large vesicles, and then lysed again at 18,000 pounds/inch2 (124 MPa) in the presence of attractants to produce smaller, attractant-loaded vesicles, methylation was stimulated and demethylation was inhibited, even though the extract was freshly prepared (data not shown). (1979) 
